ABSTRACT
INTRODUCTION

26
The functionality of complex multicellular organisms is underpinned by the creation of diverse 27 cell types from a common genetic DNA blueprint. This is achieved during development by cells 28 acquiring and maintaining cell type-specific gene expression programmes. At the most basic 29 level, this relies on the control of RNA polymerase II (RNAPII)-mediated transcription by 30 transcription factors (Spitz and Furlong 2012) . However, it has also become clear that 31 chromatin structure and its chemical modification can profoundly affect how transcription 32 intragenic CGIs were also depleted of H3K36me2 ( Figure 1F ), although this depletion was on 142 average less pronounced than at CGI promoters, likely due to their lower average CpG density 143 and size (Supplementary Figure 1E) . Importantly, removal of the KDM2-LFs resulted in an 144 increase in H3K36me2 at intragenic CGIs indicating that their H3K36me2 depleted state is 145 also shaped by KDM2A/B. 146
Our ChIP-seq analysis revealed that KDM2-LFs contribute to the H3K36me2-depleted state 147 at CGI-associated promoters. However, we were curious whether the effects on H3K36me2 148
were uniformly distributed or dependent on other features of gene promoters, such as 149 transcriptional activity. Therefore, we separated genes based on expression level 150 (Supplementary Figure 1F) and examined H3K36me2 at genes and surrounding regions. This 151 revealed that CGI-associated TSSs were depleted of H3K36me2 irrespective of expression 152 level ( Figure 1G ). Chromatin surrounding CGI-associated TSSs was blanketed by H3K36me2, 153 consistent with this modification being pervasive in mammalian genomes. The increase in 154
H3K36me2 at the TSS following KDM2-LF removal was similar across all expression levels 155 ( Figure 1H ), consistent with the transcription-independent targeting of KDM2 proteins to CGI 156 promoters via their ZF-CxxC domains. Interestingly, highly transcribed genes were also 157 depleted of H3K36me2 in their gene body ( Figure 1G ). However, this was independent of 158 KDM2 demethylase activity and instead correlated with co-transcriptional conversion of 159 to the depletion of H3K36me2 at these sites is modest. This suggests that CGIs could be 163 inherently refractory to H3K36me2 or that additional H3K36 demethylases may also function 164 at these regions (see discussion). 165
166
KDM2 demethylase activity contributes minimally to gene regulation 167
Depletion of H3K36me2 at CGI-associated gene promoters has been proposed to contribute 168 to the generation of a transcriptionally permissive chromatin state (Blackledge et al. 2010 ; 169
Blackledge and Klose 2011; Deaton and Bird 2011). Although KDM2 proteins appear to 170
contribute only modestly to the H3K36me2-depleted state at CGIs (Figure 1 ), we were curious 171 whether this effect was nevertheless required to sustain normal chromatin accessibility and 172 transcription from CGI-associated gene promoters. To address these questions, we first 173 performed calibrated ATAC-seq (cATAC-seq) to measure chromatin DNA accessibility before 174 and after removal of KDM2-LFs. This demonstrated that CGI promoters remained accessible, 175 despite the observed increases in H3K36me2 (Figure 2A ). To examine gene expression, weperformed calibrated nuclear RNA sequencing (cnRNA-seq). This revealed that the 177 expression of the vast majority of genes did not change following removal KDM2 demethylase 178 activity, with only a small number of genes being modestly perturbed ( Figure 2B ). Furthermore, 179
there was a poor correlation between gene expression changes and the effects on H3K36me2 180 at gene promoters ( Figure 2C,D) . This minimal perturbation to gene expression and chromatin 181 accessibility following loss of KDM2-LFs indicates that histone demethylase activity of KDM2 182 proteins is largely dispensable for normal CGI-associated promoter activity. 183
184
KDM2 proteins play a widespread role in gene repression
185
Given that gene expression was largely unaffected when KDM2 demethylase activity was 186 removed, we wondered whether demethylase-independent activities of KDM2 proteins may 187 play a more prominent role in gene regulation. KDM2A and KDM2B encode multiple isoforms, 188 each of which contain the ZF-CxxC DNA binding domain. Therefore, to remove all CGI-189 targeted KDM2 proteins, we developed a conditional mESC system in which the exon 190 encoding the ZF-CxxC domain is flanked by loxP sites in both Kdm2a and Kdm2b genes 191 seq it was also apparent that KDM2 protein removal led to a more general increase in gene 202 expression, even amongst genes that were not considered significantly changed by statistical 203 analysis ( Figure 3E ). We validated these widespread effects using highly sensitive and 204 quantitative digital droplet PCR analysis (Supplementary Figure 3C) . Importantly, our capacity 205 to uncover this broad increase in gene expression was only possible due to the use of 206 calibrated nuclear RNA-seq (cnRNA-seq) as conventional normalisation based on total read 207 count fails to uncover this pervasive alteration in gene expression (Supplementary Figure 3D) . 208
When we examined in more detail the transcripts with significantly increased expression these 209 were enriched for CGI-associated genes ( Figure 3F ), consistent with these effects being a 210 direct result of KDM2 protein removal as opposed to a global perturbation of some core 211 transcriptional component. In contrast, significantly downregulated genes were less numerous 212
and not enriched for CGI-associated genes, suggesting they may correspond to secondary 213 effects. Together, these observations establish an unexpected and widespread role for KDM2 214 proteins in suppressing expression from CGI-associated gene promoters. 2014). When we examined the genes that increased in gene expression following KDM2 223 protein removal they had stereotypical CGI-associated features ( Figure 4A ), but were also 224 enriched for KDM2B, RING1B and SUZ12. This raised the possibility that the observed effects 225 on gene expression following KDM2 protein removal simply resulted from loss of KDM2B-226 dependent targeting and gene repression by the PRC1 complex. To investigate this possibility, 227
we compared the gene expression changes following KDM2 protein removal with those 228 following conditional removal of PCGF1 (Fursova 2019 ). This revealed that removal of PCGF1 229 caused de-repression of more than four times fewer genes than removal of KDM2 proteins 230 ( Figure 4B ). Furthermore, genes that significantly increased in expression following PCGF1 231 removal were more strongly enriched for polycomb target genes than those that significantly 232 Building on this important observation, we examined in more detail the gene expression 239 changes that manifest from KDM2 protein removal from CGIs. From this it was evident that 240 genes with low starting expression level more strongly increased in expression, including non-241 polycomb target genes ( Figure 4E ). Gene ontology analysis revealed that genes that 242 significantly increased in expression were enriched for a variety of developmental terms 243 ( Figure 4F ), consistent with some of the effects being related to the polycomb system, but also 244 a variety of basic cellular processes that are unrelated ( Figure 4G ). This reflects the 245 generalised increase in gene expression that occurs following KDM2 removal. Together, these 246 observations reveal that KDM2 proteins play a widespread role in gene repression from CGI-247 associated gene promoters and do so largely through mechanisms that are independent of 248 the polycomb repressive system. 249
250
KDM2B plays the predominant role in gene repression
251
Loss of both KDM2A and KDM2B from CGI chromatin simultaneously resulted in widespread 252 increases in gene expression (Figure 3 ). However, it was unclear from these experiments 253 whether KDM2A, KDM2B or both contribute to gene repression. To examine this question, we 254 developed a conditional mESC system in which we could remove KDM2A alone by tamoxifen- for CGI-associated genes ( Figure 5D ). Furthermore, gene ontology analysis revealed that 266 these significantly increasing genes were enriched for a variety of developmental terms 267 characteristic of polycomb target genes ( Figure 5E ) but also terms relating to basic cellular 268 processes ( Figure 5F ). These observations suggest that removal of KDM2B alone, like 269 removal of KDM2A/B together, leads to widespread increases in the expression of CGI-270 associated genes. genes that less strongly increased in expression following loss of KDM2B compared to 276 KDM2A/B together, and this set was enriched for genes with low expression level ( Figure 5H) . 277
This suggests that KDM2A plays a role in restricting the expression of these genes following 278 To examine this possibility in more detail, we carried out cChIP-seq for RNAPII before and 295 after removal of KDM2 proteins. This revealed on average a widespread decrease in RNAPII 296 occupancy at the TSSs of CGI-associated genes ( Figure 6B,C) . In the gene body, alterations 297 in RNAPII occupancy appeared to be related to the level of RNAPII reduction at the gene 298 promoter. Genes that retained promoter associated RNAPII showed increased RNAPII in the 299 gene body and promoters showing reduced RNAPII levels also had moderately reduced 300 RNAPII in the gene body ( Figure 6D ). Importantly, these effects were restricted to CGI-301 associated genes, in agreement with the function of KDM2A/B at CGIs. To examine in more 302 detail the nature of the defects in RNAPII function at CGI-associated gene promoters, we 303 calculated the RNAPII pausing index, which is often used a proxy for RNAPII pause-release 304 (Supplementary Figure 6B ). This showed a modest but clear decrease in pausing index when 305 KDM2 proteins were removed, and importantly this effect was not observed for non-CGI-306 associated genes ( Figure 6E ). This suggests that removal of KDM2 proteins may contribute 307 to an increased rate of RNAPII pause release from CGI-associated gene promoters. A 308 comparison of the changes in RNAPII occupancy with the gene expression changes following 309 KDM2 removal revealed a moderate positive correlation (Supplementary Figure 6C) , such that 310 the genes that most strongly increased in expression retained RNAPII at their promoter and 311 had elevated RNAPII occupancy throughout the gene body (Supplementary Figure 6D,E) . 312
These effects on RNAPII could be explained by an increase in the rate of transcription initiation 313 at genes that show large increases in expression which, when combined with an increased 314 rate of pause release, results in the accumulation of RNAPII throughout the gene body and 315 increases in transcript levels. Importantly, the change in the distribution of Ser5phosphorylated RNAPII, which is enriched at promoter regions, and Ser2-phosphorylated 317 RNAPII, which is enriched throughout gene bodies, resembled that of total RNAPII 318 (Supplementary Figure 6F) . There was no obvious shift in the position of either Ser2-or Ser5-319 phosphorylated RNAPII enrichment throughout CGI genes ( Figure 6F ), and only minor 320 changes in the relative enrichment of Ser5-or Ser2-phosphorylated RNAPII compared to total 321 RNAPII at CGI gene promoters and gene bodies, respectively ( Figure 6G ). Together our 322 findings suggest that KDM2 proteins play a role in regulating RNAPII activity at gene 323 promoters, potentially by limiting initiation and pause release to constrain productive 324 transcription from these regions of the genome. However, the extent to which KDM2 proteins regulate gene expression and how this is related 334 to their H3K36me2 demethylase activity has remained untested. Here, using combinatorial 335 genetic perturbation and detailed genome-wide approaches, we discover that the histone 336 demethylase activity of KDM2 proteins contributes modestly to the H3K36me2 depletion at 337 CGI-associated gene promoters ( Figure 1 ) and has minimal effects on gene expression 338 (Figure 2 ). In contrast, using calibrated gene expression analysis we discover an unexpectedly 339 widespread histone demethylase-independent role for KDM2 proteins in constraining the 340 expression of CGI-associated genes (Figure 3 ). Importantly, repression by KDM2 proteins is 341 not limited to polycomb target genes, which are known to be regulated by the KDM2B-PRC1 342 complex (Figure 4) . Nevertheless, we find that KDM2B plays the predominant role in 343 repressing expression, while KDM2A appears to contribute at a subset of genes ( Figure 5 ). 344 an important area of future work will be to examine the mechanisms by which KDM2 proteins 408 affect RNAPII activity and to determine how direct this is. 409
We speculate that one mechanism by which KDM2 proteins could potentially modulate 410 RNAPII-dependent transcription processes is through ubiquitination. This is because, in 411 addition to their JmjC domains, KDM2 proteins also encode FBOX and LRR domains. The 412 substrate specificity for SCF complexes through additional domains such as the LRR domain 417 (Ho et al. 2006 ). This suggests that KDM2 proteins might identify target proteins for 418 ubiquitylation. Indeed, KDM2B was reported to ubiquitylate the transcription factor c-Fos, 419 leading to its degradation by the proteasome (Han et al. 2016 ). KDM2A has also been 420
proposed to possess E3 ligase activity, as its overexpression stimulates 53BP1 ubiquitylation 421 (Bueno et al. 2018 ). The specificity of these putative KDM2 E3 ubiquitin ligase complexesremains to be investigated. However, given that KDM2 proteins act broadly to repress gene 423 expression and may regulate RNAPII activity, one might envisage that KDM2 proteins could 424 regulate a component of the core transcriptional machinery or another general modulator of 425 gene transcription. Therefore, in future work it will be interesting to explore whether KDM2 426
proteins have a role in proteostasis at CGIs and to understand whether this contributes to their 427 function in the repression of gene expression and the regulation of RNAPII activity. 428
In conclusion, we discover that KDM2 proteins are CGI-specific transcriptional repressors that 429 appear to function to constrain low-level gene activation signals. Interestingly, DNA situated 430 in CGIs is known to be highly accessible, differentiating it from much of the rest of the genome. 431
It has been proposed that this accessibility highlights the location of gene regulatory elements 432 within large and complex vertebrate genomes, and allows transcriptional regulators and the 433 transcriptional machinery to more easily access the underlying DNA and enable gene 434 expression. However, an unintended consequence of this CGI-associated accessibility may 435 be that it renders these regions susceptible to low-level and potentially inappropriate gene 436 activation signals. We speculate that, in response to this potentially deleterious side effect of 437 CGI accessibility, KDM2 proteins may have evolved to bind CGIs and constrain transcription. HEPES-KOH pH 7.9, 140mM NaCl, 1mM EDTA, 10% glycerol, 0.5% NP40, 0.25% TritonX-772 100 and 1x PIC) and rotated for 10 min at 4°C. The released nuclei were washed (10 mM Tris-773
HCl pH 8.0, 200mM NaCl, 1mM EDTA, 0.5mM EGTA and 1x PIC) for 5 min at 4°C, and thenuclear pellet resuspended in 1 ml sonication buffer (10mM Tris HCl pH 8.0, 100mM NaCl, 775 1mM EDTA, 0.5mM EGTA, 0.1% sodium deoxycholate, 0.5% N-lauroylsarcosine and 1x PIC). 776
For histone ChIP, 1x10 7 mESCs were crosslinked for 10 min in 1% formaldehyde. Reactions 777
were quenched by addition of 125 mM glycine. The released nuclei washed twice in PBS, then 778 resuspended in lysis buffer (1% SDS, 10mM EDTA, 50mM Tris HCl pH 8.1 and 1x PIC) and 779 incubated on ice for 30 min. 780
For RNAPII ChIP, 5x10 7 mESCs were resuspended in PBS and mixed with 4x10 6 HEK293T 781 cells. Cells were crosslinked for 10 min in 1% formaldehyde. Reactions were quenched by 782 addition of 150 mM glycine, and the crosslinked cells resuspended in FA-lysis buffer for 10 783 min (50mM HEPES pH 7.9, 150mM NaCl, 2mM EDTA, 0.5mM EGTA, 0.5% NP40, 0.1% 784 sodium deoxycholate, 0.1% SDS, 10mM NaF, 1mM AEBSF, 1x PIC). anti-Rbp1-CTD-Ser5P (12.5 μl), anti-Rbp1-CTD-Ser2P (12.5 μl). 799 Antibody-bound chromatin was isolated using blocked protein A agarose (histone/ RNAPII 800 ChIP) or magnetic beads (KDM2A/B ChIP) for 2 hours at 4°C. For histone or KDM2A/B ChIP, 801 washes were performed with low salt buffer (0.1% SDS, 1% TritonX-100, 2 mM EDTA, 20 mM 802
Tris-HCl pH 8, 150 mM NaCl), high salt buffer (0.1% SDS, 1% TritonX-100, 2 mM EDTA, 20 803 mM Tris-HCl pH 8, 500 mM NaCl), LiCl buffer (250mM LiCl, 1% NP40, 1% sodium 804 deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8) and two washes with TE buffer (10 mM 805
Tris-HCl pH 8, 1 mM EDTA). For RNAPII ChIP, washes were performed with FA-Lysis buffer, 806 FA-Lysis buffer containing 500mM NaCl, DOC buffer (250mM LiCl, 0.5% NP40, 0.5% sodium 807 deoxycholate, 2 mM EDTA, 10mM Tris-HCl pH 8) and two washes with TE buffer. ChIP DNAwas eluted in elution buffer (1% SDS, 100mM NaHCO3) and crosslinks reversed overnight at 809 
cATAC-seq)
823
To isolate nuclei for cnRNA-seq and cATAC-seq, 10 7 mESCs were mixed with 2.5x10 6 824 Drosophila SG4 cells in PBS. Cells were lysed in 1 ml HS lysis buffer (0.05% NP40, 50mM 825
KCl, 10 mM MgSO4.7H20, 5mM HEPES, 1mM PMSF, 3mM DTT, 1x PIC). Nuclei were 826 recovered by centrifugation at 1000 g for 5min and washed three times in 1 ml resuspension 827 buffer (10mM NaCl, 10mM Tris pH 7.4, 3mM MgCl2). Nuclear integrity was assessed using 828 0.4% trypan blue staining (ThermoFisher). 829
Nuclear RNA was prepared from 4x10 6 nuclei using TRIzol reagent according to the 830 manufacturer's protocol (Invitrogen), then treated with the TURBO DNA-free kit 831 (ThermoFisher). nRNA quality was assessed using the 2100 Bioanalyzer RNA 6000 Pico kit 832 (Agilent), then nRNA was depleted of rRNA using the NEBNext rRNA depletion kit and the 833 depletion efficiency evaluated using the Bioanlayzer RNA 6000 Pico kit. RNA-seq libraries 834
were prepared using the NEBNext Ultra Directional RNA-seq kit, and library size and 835 concentration was determined as described for ChIP libraries. Libraries were sequenced using 836 the Illumina NextSeq 500 platform in biological triplicate or quadruplicate using 80 bp paired-837 end reads. 838
Chromatin accessibility was assayed using an adaptation of the assay for transposase 839 accessible-chromatin (ATAC)-seq (Buenrostro et al. 2013 ) as previously described (King and 840
Klose 2017), using 5x10 5 nuclei from the same preparation used for the purification of nuclear 841 RNA. Genomic DNA was also purified from an aliquot of the same preparation of nuclei by 842 phenol-chloroform extraction and tagmented with Tn5, to control for sequence bias of the Tn5 843 transposase and to determine the exact mouse/fly mixing ratio for each individual sample. 844 ATAC-seq and input gDNA libraries were prepared by PCR amplification using custom-made 845
Illumina barcodes (Buenrostro et al. 2013 ) and the NEBNext High-Fidelity 2X PCR Master 846
Mix. Libraries were purified with two rounds of Agencourt AMPure XP bead cleanup 847 (Agencourt, 1.5X bead:sample ratio). Library size and concentration were determined as 848 described for ChIP libraries. Libraries were sequenced using the Illumina NextSeq 500 849 platform in biological triplicate or quadruplicate using 80 bp paired-end reads. 850 851
Digital droplet PCR
852
For digital droplet PCR (ddPCR), total RNA was prepared from 10 6 mESCs using the RNeasy 853 mini plus kit including gDNA eliminator columns (QIAGEN). RPT low retention tips (Starlab) 854
were used throughout the ddPCR protocol to increase pipetting accuracy. Purified RNA was 855 eluted in 30 μl elution buffer, 7 μl was diluted with 8 μl water, and 4 μl of this dilution was 856 reverse transcribed using the imProm-II system with random hexamer primers and RNasin 857 ribonuclease inhibitor (Promega). The generated cDNA was diluted with 300 ul nuclease-free 858 water. ddPCR primers were designed using Primer 3 Plus (Untergasser et al. 2012) with 859 BioRad recommended settings: 3.8mM divalent cations, 0.8mM dNTPs, 80-120 bp product, 860 60-61°C melting temperature. Their efficiency was tested using a serial dilution curve of cDNA 861 by standard SYBR qPCR. ddPCR reactions were prepared in 96-well PCR plates, and 862 contained 12.5 μl 2x QX200 ddPCR EvaGreen Supermix (BioRad), 0.32 μl each of forward 863 and reverse primers (10 μM), 7 μl diluted cDNA and 4.86 μl nuclease-free water. This 25 μl 864 reaction was mixed by pipetting, then 22 μl was transferred to a semi-skirted 96-well PCR 865 plate (Eppendorf) and used for droplet generation with an AutoDG droplet generator (BioRad). 866
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